Semiconductor microcavities have been investigated and used widely in optoelectronics; among them, whispering gallery ͑WG͒ resonators have attracted much attention due to their microscopic size, high quality factor Q, and low lasing threshold power. [1] [2] [3] In a semiconductor WG resonator, the nanostructure itself functions as both the gain medium and the optical microcavity. Light wave can be mostly confined inside the microcavity due to multiple total internal reflections ͑TIRs͒ at the cavity boundary. The electromagnetic field and the photon density of states can be precisely controlled in a prescribed manner. Such a precise manipulation of light-matter interaction is essential for various purposes, ranging from the fundamental studies on quantum electrodynamics to the development of miniature optoelectronic devices, including lasers, 4 optical waveguides, 5 tunable filters, 6 and optical sensors. 7 It is known that WG resonators with different geometries, such as rings, 8 microspheres, 9 cylinders, 10 nanonails, 11 and nanowires with hexagonal cross section, 2, 4, 12 have been developed. Among them, micro-/ nanowires with hexagonal cross section have attracted particular interest due to their better optical properties and wider range of potential applications. However, the investigation is so far limited to ZnO hexagonal resonators due to the difficulty in synthesizing high quality hexagonal microcavities with other materials.
Indium oxide is one of the important oxide materials in optoelectronics and widely studied in recent years. Welldefined In 2 O 3 nanostructures with different morphologies, especially one-dimensional In 2 O 3 nanowires as building blocks for photonic devices have been fabricated by various methods. [13] [14] [15] Up to now, most of the synthesized In 2 O 3 nanowires have rectangular cross sections or irregular circular cross sections with rough surfaces. In addition, the lateral size of these nanowires is typically too small to be used as a WG mode cavity. As a result, the application of In 2 O 3 nanowires as optical cavities has not yet been explored so far. In this letter, we report the fabrication of high quality In 2 O 3 nanowires with hexagonal cross section by an in situ thermal oxidation method and the observation of a series of WGM resonances in these wires. Tapering of these nanowires enables the wavelength of cavity modes and the order of resonance to be modulated continuously. The modulation was observed at room temperature and mapped directly by using microphotoluminescence spectroscopy. Calculations based on a simple plane wave interference model and Cauchy dispersion functions agree well with the experimental data.
The In 2 O 3 nanowires were fabricated by a simple thermal oxidation of indium metal in a conventional horizontal tube furnace using H 2 O vapor as the oxide source material. Prior to the synthesis, indium grains ͑purity of 99.999%͒ with diameter of 2-3 mm were treated in an aqueous 1.0 M HCl solution for 30 s, and then cleaned with absolute ethanol in an ultrasonic bath for 5 min. After they had been coated with a layer of Au catalyst, the indium grains were placed in a quartz boat. The boat was then positioned in the middle of the quartz tube which was located in the middle of the furnace. Before heating, high-purity N 2 ͑99.999%͒ was introduced into the quartz tube to purge the air inside. After 30 min of purging, the system was then heated to 800°C over 40 min with a constant flow of N 2 gas at a rate of 1.0 L/h. Afterwards, H 2 O vapor was introduced into the tube by bubbling N 2 over a beaker of water at a flow of 2.0 L/h. The temperature was kept at 800°C for 60 min. After the reaction had finished, the system was cooled down to room temperature with a constant flow of N 2 gas at a rate of 1.0 L/h.
The samples were first characterized by scanning electron microscopy ͑SEM͒ and transmission electron microscopy ͑TEM͒. Figure 1͑a͒ shows the SEM image of a typical single In 2 O 3 nanowire, which has been removed from the indium host and dispersed on a piece of silicon wafer. The nanowire is slightly tapered in shape with microscale diameters. Higher magnification image reveals that the cross section of the nanowire is hexagonal, as shown in the inset of Fig. 1͑a͒ . TEM observation further reveals that the In 2 O 3 nanowire has a very uniform morphology and smooth surface ͓Fig. 1͑b͔͒. Energy dispersive x-ray ͑EDX͒ spectroscopy data ͓Fig. 1͑c͔͒ indicates that the In 2 O 3 is indeed stoichiometric in composition. The Cu and C signals in the EDX spectrum come from the grid used for TEM measurements.
The high-resolution TEM ͑HRTEM͒ image and the corresponding selected area electron diffraction ͑SAED͒ pattern ͓inset in Fig. 1͑d͔͒ indicate that the In 2 O 3 nanowire is single crystal with growth proceeding along the ͓100͔ direction. The above results indicate that our In 2 O 3 nanowires are of good crystalline quality with hexagonal cross section and smooth surfaces. These properties make In 2 O 3 nanowires a new and exciting candidate for optical microcavity studies. The results from optical spectroscopic experiments on these tapered In 2 O 3 nanowires are presented in the following section.
The nanowires used for the spectroscopic measurements have flat and smooth hexagonal resonator facets, as shown in Fig. 2͑a͒ . From data plotted in Fig. 2͑b͒ , it can be seen that the diameter of the nanowire decreases continuously along the length of the nanowire. The wavelength of the WGMs and the order of the resonance can be tuned and controlled by the diameter of the resonator. The inset of Fig. 2͑b͒ depicts schematically a nanowire with hexagonal cross section where light wave can circle around the cavity due to TIRs at the interface between nanowire and air, hence forming a WGM. The flat and smooth surface morphology is crucial for the waveguiding performance without large losses from the surfaces, thereby leading to a high quality factor and low lasing threshold of the cavity.
Optical studies of individual In 2 O 3 nanowires were carried out with a confocal microphotoluminescence spectrometer. A He-Cd laser with an emission wavelength of 325 nm was used as the excitation light source. The laser beam was focused on the sample by a UV microscopic objective ͑40ϫ͒, to a spot diameter of about 1 m. We performed photoluminescence measurements with detection of unpolarized, TM-polarized ͑the electrical component of light E ʈ c-axis͒, and TE-polarized ͑E Ќ c-axis͒ signals. Figure 3͑a͒ shows the typical spectra of the In 2 O 3 nanowire in the visible region. The laser spot was focused at the center of the nanowire, as shown by the cross in Fig. 2͑a͒ . The physical origin of visible emission is mainly due to oxygen related defects or indium vacancies. 16, 17 From Fig. 3͑a͒ , we can see that the unpolarized signal is dominated by the TM component. The TE modes are weak and broad. These results are similar to the previous investigations of WGMs in hexagonal ZnO optical cavities. 2, 12 Thus, the losses in the cavity are different for both TE and TM polarization, with TM modes having lower losses.
To further explore the characteristics of the In 2 O 3 nanowire WGMs, a simple plane wave model was used to fit the experimental results. The radius of the resonator R, as shown in Fig. 2͑b͒, 
where h is Planck's constant, c is the speed of light in vacuum, N is the interference order, and n is the refractive index. The factor ␤ denotes polarization, for TM polarization ␤ = n −1 , and for TE polarization ␤ = n. Both TM and TE modes were used for the theoretical fitting, and the calculated results are shown in Fig. 3͑a͒ .
Taking the refractive index n of In 2 O 3 to be 2 for the visible spectral range, 18 and the radius of the hexagonal cavity R as 566 nm ͑as measured by SEM͒ at the measurement point on the nanowire, we were able to initially identify the interference order N for the TM and TE modes. However, we found that the results are not in good agreement with the experimental peaks when a constant value of n = 2 was used. This is most likely due to the fact that wavelength dependence of the refractive index is not taken into account. To obtain accurate values of n ʈ and n Ќ ͑n ʈ and n Ќ being the refractive indices for the TM and TE modes, respectively͒ for the In 2 O 3 nanowire at the WGM-peak wavelengths, the interference order, N TM =6-10, N TE =5-9, and the cavity radius R = 566 nm were used in the WGM equation. The obtained scattered wavelength-dependent refractive indices of the In 2 O 3 nanowire n ʈ and n Ќ were fitted by using Cauchy dispersion formula as follows: The refractive indices obtained from the fitting procedure are shown in Fig. 3͑b͒ . We can see that the refractive index dispersion is slightly different for n Ќ and n ʈ ͑n Ќ is larger than n ʈ at the same wavelength͒, which is most likely attributed to the cubic phase of In 2 O 3 and the anisotropic strain introduced during the crystal growth process. 19 To further investigate the wavelength-dependent refractive indices of the In 2 O 3 nanowire shown in Fig. 3͑b͒ , and also to investigate the modulation of WGMs with varying microcavity radius, we scanned the laser in steps of 0.5 m along the c-axis of nanowire, as shown by the rectangular box in Fig. 2͑a͒ , while collecting unpolarized emission from the nanowire. From the results shown in Fig. 4 , we see that the visible luminescence band is clearly modulated as the excitation laser is scanned along the nanowire axis. The spectral maxima are redshifted as the radius of the hexagonal WGM cavity increases. Theoretical analysis by using the plane wave interference model was applied to explain the measured resonance energies of the WGMs, using the experimentally extracted n ʈ and n Ќ of Fig. 3͑b͒ to calculate the resonance energies. The calculated results are shown with solid and dash lines in Fig. 4 for the TM and TE modes, respectively. It is obvious that the calculated cavity modes fit well with the measured resonances, confirming the validity of the wavelength-dependent refractive indices of the In 2 O 3 nanowire, fitted by using Cauchy dispersion formula.
In summary, we have reported the synthesis of indium oxide nanowires with hexagonal cross section and the WGM resonator characteristics of these wires. SEM and TEM studies show the hexagonal single-crystal In 2 O 3 nanowires have very smooth surfaces and highly uniform morphology and can be used as optical cavities. WGMs in the visible spectral range were directly observed at room temperature by using the microphotoluminescence technique. We find that the In 2 O 3 nanowire WGMs are preferentially TM polarized and the WGM-peak positions can be calculated using a simple plane wave interference model and Cauchy dispersion equation. The results indicate that hexagonal In 2 O 3 nanowires are suitable for forming WGM optical microcavities in the visible light spectral region. 
